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Abstract: The integrated imaging of LWIR cameras and SAR is one of the important
directions of multi-sensor integration. In order to reduce the structural complexity of LWIR
cameras and SAR-integrated imaging antenna, a dual-polarized metasurface-integrated
antenna (MIA) is designed in this paper. It is composed of a microwave metasurface antenna
and an optical metalens, and the metalens is embedded in the center of the metasurface
antenna. The MIA uses the powerful electromagnetic wave control ability to simplify
the optical and microwave signal transmission paths and reduce the number of devices.
At the same time, in order to expand the function of the MIA, based on the principle of
metasurface, the dual-linearly polarized and dual-circularly polarized MIAs are designed
and simulated, respectively. The results show that the designed dual-polarized MIA has
good performance. This paper provides a new scheme for the integrated imaging system
of LWIR cameras and SAR with simple structure, diverse functions and easy integration.

Keywords: integrated imaging; metasurface-integrated antenna; dual-linearly polarization;
dual-circularly polarized

1. Introduction

In recent years, a single remote sensing image is increasingly unable to meet the needs
of applications. With the advancement of technology, the method of fusing multiple remote
sensing images of the same object to obtain more information has played an important role
in many fields [1-4]. Synthetic aperture radar (SAR) and LWIR cameras are two important
remote sensing payloads. In order to acquire optical and SAR images of the same target at
the same time, the integrated technology of LWIR cameras and SAR was born and have
developed continuously [5,6].

At present, LWIR cameras and SAR-integrated imaging systems are mainly designed
based on common aperture antennas. The system integrates the SAR antenna reflector and
the primary mirror of the LWIR camera through common aperture antennas so that the
primary mirror reflects microwave and optical signals at the same time. And the system
designs different transmission paths for the microwave and optical signals to reduce mutual
interference. According to the different LWIR camera structure, common aperture antennas
can be divided into two types, coaxial [7-9] and off-axis [10]. The common aperture antenna
has the advantages of high aperture utilization and long operating distance. However, the
large volume, complex structure and many devices of the common aperture antenna are
not conducive to the miniaturization and integration of the system.

Metasurface is composed of special subwavelength structures arranged according to
specific laws, which has a strong ability to regulate the amplitude, phase and polarization
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of electromagnetic waves. The microwave antenna based on metasurface design has the
advantages of low profile, multi-polarization and reconfiguration [11-13], and the optical
metalens has the advantages of thin, diverse functions, and easy miniaturization and
integration [14,15].

In order to reduce the structural complexity of the system, the dual-polarized
metasurface-integrated antenna (MIA) is designed for integrated imaging of LWIR cameras
and SAR. Firstly, the structure of dual-polarized MIA is introduced. Secondly, the prin-
ciples of the microwave metasurface antenna and optical metalens are analyzed. Then,
the units of the metasurface antenna and metalens are designed, respectively. Finally, the
performance of the dual-linearly polarized and dual-circularly polarized MIA is analyzed
by simulation, and the rationality of the design of the dual-polarized MIA is verified.

2. Materials and Methods
2.1. Dual-Polarized MIA Structure

The dual-polarized MIA designed in this paper consists of a microwave metasurface
antenna and an optical metalens, as shown in Figure 1. The metasurface antenna is a
reflector array antenna, and the feed is a horn antenna. The metalens is embedded in
the center of the metasurface antenna and is fixed using the non-metallic material whose
dielectric constant is similar to that of the metasurface antenna substrate. The vertical axis
of the metalens and the vertical axis of the metasurface antenna are combined in order to
make the MIA image the same target simultaneously with optical and SAR. In addition, the
light of the metalens is vertically incident, and the radiation direction of the metasurface
antenna is the vertical axis direction; that is, the metasurface antenna and the metalens are
focused in the same direction. After the microwave signal is sent out by the feed, it passes
through the reflective array to form the required beam. The optical signal is focused on the
CCD by the metalens.

Feed Feed Feed Feed

/57 /57 [ [ [7 [T 727

L5 /57 /57 /57 /7 [T /7 /7 /7 /i

ccD ccD

Figure 1. Schematic diagram of dual-polarized MIA (a) linear polarization; (b) circular polarization.

The dual-linearly polarized metasurface antenna has two feeds excited by different
linear polarization modes. The central coordinates of the feeds are located in the YOZ plane
and are symmetrically distributed on the Z axis. The microwave signals emitted by two
feeds both can be controlled by the reflector to form the desired beam. The dual-linearly
polarized metalens focuses the X and Y polarized light on the CCD, respectively. In order
to reduce interference between the microwave signal and the optical signal, the focuses
are set on the XOZ plane and are symmetrically distributed on the Z axis. The structure of
dual-circularly polarized MIA is the same as the dual-linearly polarized MIA; the difference
is their polarization mode.

Compared with the common aperture antenna, the dual-polarized MIA simplifies the
transmission paths of microwave and optical signals, reduces the number of devices, has
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simpler structure and is conducive to integration. At the same time, both the metasurface
antenna and the metalens realize the independent regulation of two polarized waves in one
aperture, which can expand the function of the LWIR camera and SAR-integrated imaging
system. For example, dual-linearly polarized metasurface antennas can achieve full-duplex
operation mode and be used for SAR imaging in HH, HV, VH and VV modes [16]. Functions
such as cloud removal and image enhancement can be realized by using dual-linearly
polarized metalens [17].

2.2. Dual-Polarized MIA Design
2.2.1. Metasurface Principle

The reflector of the metasurface antenna is generally composed of periodic reflector
units. In order to form the desired beam, the corresponding phase compensation of the
units at different positions should be set reasonably. If the center of the reflector is the
origin of coordinates, the coordinate system is established. According to the array antenna
theory, when the beam direction is (6, ¢), the phase distribution of the reflector is

27, . . .

P(xi,yj) = — s (sin 6 cos ¢ox; + sin Og sin poy;) (1)
where Ag is the wavelength of microwave in vacuum, and (x,-, yj) is the central coordinate
of the unit in row 7 and column j. With the phase center of the feed as the zero-phase
reference point, then the electric field phase at each unit is equal to the sum of the path
phase ¢; and the transmission phase ¢;. As a result,

2r
P(xi,yj) = @b+ Pt = @p — )Tsdij )
where dj; represents the distance between the feed and the center of the unit, and the feed

coordinates is (x Y 2 f) . According to Equations (1) and (2), the compensation phase of
the metasurface antenna can be obtained as follows:

27 . . .
¢s(xi,y)) = )Ts(_ sin 6y cos gox; — sin b sin poy; + \/(xi —x0) 4w~y +22). ©)

When 6y = 0, the above formula can be simplified to

2
¢s(xi,yj) = 77; (xi =) + (v — yf)* + 22 4)

The metalens is also generally composed of periodic transmission units, and the
incident light of the metalens is mostly vertical incidence; that is, 8y = 0. So

P+ P =0=@p + @t ®)

where, ¢; and ¢y, are the path phase and transmission phase at the point (x/,y}), and ¢ ¢ and
@y are the path phase and transmission phase at the center of the metalens, respectively.
For optical lenses, the focal length f is an important design parameter. In order to
introduce f into the compensation phase formula, the zero-phase reference point of the
transmission phase is taken at the center of the metalens; that is, ¢ b= 0. So

27
Py = Pt — Pt = %(f— dij) (6)



Micromachines 2025, 16, 202

40f11

where Ag is the wavelength of the optical signal in vacuum, and dg]- represents the distance
between the focus and the center of the metalens unit. Therefore, the compensation phase
of the metalens is as follows:

/ / 2
<Po(xiryj):_£( Xy P+ 2= f) )

By analyzing the derivation process of the compensation phase of metasurface antenna
and metalens, it can be found that the Equations (4) and (7) are equivalent. The difference
between the two is as follows: First, the zero-phase reference point is different. Second, the
location of the electromagnetic wave convergence is different.

Because the metasurface can flexibly control the polarization of electromagnetic wave,
it can realize the convergence of two or more polarized wave with one aperture at the
same time through reasonable design. When the focusing coordinates of the X- and Y-
polarized light of the incident metalens are in the XOZ plane and symmetric on the Z
axis, the compensation phase of the dual-linearly polarized metalens can be obtained by
substituting the two focal points into the Equation (7):

¢x(xi,yj) =—%(\/x?+2xifsina+y?+f2—f) (8)
by(iy) = = ([ =2 fsinat 7+ 2= f) ©)

where ¢ (x;, ;) and ¢y (x;, y;) represent the compensation phase of the X- and Y-polarized
light at the point (x;,y;) on the metalens, respectively. And f is the focal length of the
metalens, « is the off-axis angle of the focus. The focuses of the X- and Y-polarized light are
(—fsina,0, — fcosa) and (fsina, 0, — fcosa), respectively.

When the circularly polarized light passes through the metalens, the outgoing left-
handed circularly polarized (LHCP) light and right-handed circularly polarized (RHCP)
light are focused on the XOZ plane and are symmetric on the Z axis, and the compensation
phase of the dual-circularly polarized metalens can be obtained:

(PLHcp(xi,y]') = —%(\/X%+2xifsinﬂé+y]2+f2 —f> (10)
(PRHCP(xiry]') = —%<\/x12 — le‘fsil’llx + y]z _|_f2 _f) (11)

where ¢ppcp(%i,y;) and ¢rucp(Xi,y;) represent the compensated phase of LHCP and
RHCP light at the point (x;, y;) on the metalens, respectively. The focuses of the LHCP and
RHCP light are (— fsina, 0, — fcosa) and (fsina,0, — fcosa), respectively.

2.2.2. Design of Metasurface

The design steps of metasurface antenna and metalens can be divided into three
steps: (1) design metasurface antenna and metalens unit; (2) establish the model of the
metasurface antenna and metalens according to the compensation phase distribution;
(3) conduct simulation and analyze the performance.

The central wavelength of the metasurface antenna is 20 mm (15 GHz), the unit period
is 10 mm, the unit shape is double rectangular ring, the dielectric substrate material is
Rogers 5880 and the multi-layer structure is composed of three layers of dielectric plate
and three layers of air layer, as shown in Figure 2a. In HFSS software (2022 R1), periodic
boundary conditions are used to simulate the metasurface antenna unit.

The central wavelength of the metalens is 12 um, the unit structure is Si nanorods
(n = 3.411), the base material is BaF, (n = 1.386), and the unit period is 6 pum, as shown in



Micromachines 2025, 16, 202

50f11

Figure 2b. In FDTD software (2020), periodic boundary conditions are used to simulate the
metalens unit.

Figure 2. Schematic diagram of unit structure (a) metasurface antenna; (b) metalens.

(1) Dual-linearly polarized metasurface unit

The key point of the design of dual-linearly polarized metasurface is to build a low
loss unit library that can independently respond to two kinds of linearly polarized waves
at the same time. The design of the unit library is as follows:

Firstly, the period, shape and size of the metasurface unit are determined. In order
to realize the independent phase response to the two linearly polarized waves, the unit
shape has at least two degrees of freedom, so the metasurface units are all rectangular. By
changing the length and width of the rectangular unit at the same time, the transmission
phase of the two polarized waves can be controlled from 0 to 360°. In order to meet the
requirements of the phase range, the unit parameters need to be reasonably selected. The
parameters of metasurface units in this paper are shown in Table 1.

Table 1. Parameters of metasurface units.

Parameters L/pum W/um H/um U/um
Metalens
Value [1,5] [1,5] 8 6
Parameters a/mm b/mm d/mm h/mm h;/mm p/mm
Antenna
Value [3,9.6] [3,9.6] 0.3 1 1 10

Then, the metasurface unit model is established and parameter scanning is performed.
The excitation of the metasurface antenna unit model is set to TE and TM polarization
in turn. In the range of 3~9.6 mm, the length and width of the double rectangular ring
were changed, respectively, with the step size of 0.1 mm, and the changes in reflectance
and transmission phase were recorded. The corresponding TE polarization results are
shown in Figure 3. The source of the metalens unit model is set to X and Y polarized
light in turn. In the range of 1~5 um, the length and width of the rectangular nanorods
were changed with the step size of 0.05 um, and the changes of transmission phase and
transmittance were recorded. The scanning results of the metalens were similar to those of
the metasurface antenna.
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Figure 3. When the excitation is TE polarization, (a) the reflectance of the metasurface antenna units
and (b) the transmission phase of the metasurface antenna units.

Finally, the unit library is determined according to the different responses of the
metasurface unit to two kinds of linearly polarized waves. If a linear polarized wave is
set up with 8-order units, 64 different units are required for independent regulation of
two linear polarized waves. In order to achieve good performance of the metasurface,
a hierarchical screening method is used to find the units. First, under the condition of
reflectance > 0.9 (or transmittance > 0.9 for metalens), the unit with the smallest absolute
value of phase error with the target is screened. If the absolute value of the minimum
phase error is greater than 32° or if there is no unit that meets the conditions, it is screened
under the condition of reflectance > 0.85 (or transmittance > 0.85). The reflectance (or
transmittance) threshold is then lowered appropriately until 64 phase units are determined.
It is worth emphasizing that when the reflectance (or transmittance) threshold is <0.7,
it is considered that the unit with good performance cannot be found. At this time, the
parameters of the metasurface unit need to be properly adjusted, and then parameter
scanning and unit screening of the adjusted unit are re-performed.

(2) Dual-circularly polarized metasurface unit.

Similar to the dual-linearly polarized metasurface unit, the design of the dual-circularly
polarized metasurface unit library is as follows:

Firstly, the period, shape and size of the metasurface unit are determined. The unit
parameters of the dual-circularly polarized metasurface are the same as those of the double
linearly polarized metasurface.

Then, the phase response of the unit with respect to different circularly polarized
waves is calculated. In order to simplify the design, the reflectance (or transmittance),
transmission phase and conversion rate of LHCP and RHCP waves are calculated by using
the scanning results of X- and Y-polarized waves. The conversion rate is defined as the
proportion of the energy of the circularly polarized wave orthogonal to the incident wave
to the total energy.

The method combining the transmission phase and P-B phase is used to regulate
two orthogonal circularly polarized waves. When a circularly polarized wave passes
through the metasurface unit, the reflected wave (or transmitted wave) can be represented
by the Jones vector as follows [18]:

Exout . L 1 _L B oike 1
l Eyout ] —Tﬁ[ ik] = 2ﬁ{(tu+tv) + (ty — to)e [ 4 H (12)

where, E,,,;; and Eyout are the electric field components of reflected waves in the X and Y

ik

directions, respectively; k = £1, corresponding to LHCP and RHCP waves, respectively;
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and 6 is the rotation angle of the metasurface unit. Therefore, when the RHCP wave is
incident, the output LHCP and RHCP waves can be obtained by the following;:

Erncp = Exout — Eyout; Erucp = Exout + Eyout (13)

where Ep fcpoys and Erpcpoyr are the outgoing electric fields of LHCP and RHCP waves,
respectively.

Finally, the unit library is determined according to the different responses to the LHCP
and RHCP waves. Assuming that ¢, is the transmission phase of the metasurface unit, the
relationship between ¢, 6 and the compensation phase is as follows:

, = Pruce -; (PRHCP; 0 — ¢rucp ; QDRHCP. (14)

Among them, the transmission phase is realized by changing the length and width
of the unit, and the P-B phase is realized by rotating the unit. Therefore, unlike the dual-
linearly polarized metasurface, the dual-circularly polarized metasurface only needs to
determine the 8-order unit library. In order to achieve good performance of the metasur-
face, hierarchical screening method is also used. Compared with dual-linearly polarized
metasurface, the screening condition of dual-circularly polarized metasurface increases the
conversion rate. Figure 4a represents the conversion rate of the metasurface antenna unit
at the incidence of RHCP wave, and Figure 4b represents the transmission phase of the
metasurface antenna with reflectance > 0.9 and a conversion rate of >0.9. According to the
results of Figure 4b, the 8-order unit library of the metasurface antenna can be screened.

(a) (b)

Conversion of polarization Effective phase
1 - ! "

Figure 4. When RHCP wave is incident, (a) conversion rate of the metasurface antenna units and
(b) effective transmission phase of the metasurface antenna units.

After the design of the metasurface unit, simulation models can be established in HFSS
and FDTD, respectively, according to the compensation phase of the metasurface, and then
the boundary conditions can be set up and the simulation calculation can be carried out.

3. Results and Discussion
3.1. Dual-Linearly Polarized MIA

The designed metasurface antenna is a reflection array of 20 x 20. The feed is a horn
antenna with gain of 16.3 dB and 3 dB beamwidth of 27.4°. Two identical horn antennas
operate in orthogonal polarization modes, and the feed coordinates are (0, —100, 173.2) and
(0, 100, 173.2), in mm. The feed coordinates were substituted into the Equation (4) to obtain
the phase distribution of the dual-linearly polarization metasurface, and the corresponding
unit was selected from the unit library, then the simulation model of the metasurface
antenna was established in HFSS. So the performance of the metasurface antenna can be
obtained by calculation.
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For the dual-polarized MIA, the metalens is embedded in the center of the metasurface
antenna, so the electromagnetic compatibility is analyzed to determine the reasonable
aperture of the metalens. The effect of metalens on the metasurface antenna is analyzed by
opening a hole in the center of the metasurface antenna. When TE polarization is dominant,
the relationship between the performance indicators of the metasurface antenna and the
radius of the metalens are shown in Figure 5.

——G
26.6 —*—834 ;

Sidelobe level(dB)

5 10 15 20 ' 0 3 1‘() 1’5 20
R(mm) R(mm)
Figure 5. (a) The relationship between the gain and beamwidth of metasurface antenna and the
radius of the metalens. (b) The relationship between sidelobe level of metasurface antenna and the
radius of the metalens.

It can be seen from the above figure that, with the increase of the metalens radius, the
gain and beamwidth of the metasurface antenna decrease, and the sidelobe level increases.
According to Rayleigh’s criterion, a larger metalens radius can achieve higher resolution
and obtain more energy; the metalens radius is determined to be 10 mm after considering
the performance of the metasurface antenna and the metalens. At this time, the gain
corresponding to the dual-linearly polarized metasurface antenna is 26.6 dB and 26.0 dB,
respectively, with the 3 dB beamwidths of 5.9° and 6.2°, and the sidelobe levels of —16.5 dB
and —16.3 dB, respectively. And the antenna patterns are shown in Figure 6.

@ (b) ,

- - - - Eplane TM
- - -~ Hplane TM

——Eplane TE
20 ——Hplane TE 20

¥
-=---Eplane TM \",
----Hplane TM 3

G(dB)
G(dB)

150 100 50 0 50 100 150

(")

Figure 6. Patterns of the dual-linearly polarized metasurface antenna. (a) When TE polarization is
dominant, antenna patterns on E and H planes. (b) When TM polarization is dominant, antenna
patterns on E and H planes.

The designed metalens has a diameter of 20 mm and a focal length of 100 mm. Because
the period of the metalens is 6 pm, the number of units is about 8.7 x 10°, which cannot
be simulated by an ordinary computer. Therefore, the same scale reduction model is
used to simulate and analyze the metalens. Keeping the relative aperture of the metalens
unchanged, the simulated metalens diameter is 420 um, the focal length is 2100 pm, and
the off-axis angle « of the focus is 4°. The phase distribution can be calculated according
to the compensation phase of the metalens. The metalens source is set to X-polarized
light, Y-polarized light and 45°-polarized light in turn, and the focusing effect is shown in
Figure 7. The actual focal length of the metalens is 1604 um, and the focusing efficiency
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of X-polarized light and Y-polarized light is 63.6% and 64.1%, respectively. The extinction
ratio of the two orthogonal polarized lights is 0.03 dB.

(a) (b)

200 2500 g 1

2000 0.8
100

1500 0.6
o

y(um)

1000 0.4

-100

-200

(c)

y(um)

y(um)

-100
X(um) X(um)

Figure 7. Normalized distribution of the square of the electric field intensity when the X-
polarized light, Y-polarized light and 45°-polarized light are incident in turn: (a,c,e) XOY plane;
(b,d,f) XOZ plane.

3.2. Dual-Circularly Polarized MIA

The dual-circularly polarized metasurface antenna is also designed as a 20 x 20 array.
Two identical circular horn antennas operate in RHCP and LHCP modes, respectively. And
their corresponding coordinates are (0, —100, 173.2) and (0, 100, 173.2), in mm. The feed
antenna has gain of 11.9 dB and 3 dB beamwidth of 50.2°. The corresponding unit was
selected from the unit library, and the simulation model of the metasurface antenna was
established in HFSS. A hole with a radius of 10 mm was cut in the center of the model.
After calculation, the patterns corresponding to the double polarizations are shown in
Figure 8. The gain of the dual-circularly polarized metasurface antenna is 26.6 dB and
26.6 dB, respectively, with the 3-dB beamwidths of 5.5° and 5.6°, and the sidelobe levels of
—14.4 dB and —14.3 dB, respectively.

(a) (b)

——E plane LHCP 2 ——E plane LHCP

| ——H plane LHCP
) - - - - E plane RHCP
§ - - - - H plane RHCP

———H plane LHCP
- ==~ Eplane RHCP
- - - - H plane RHCP

20 20

G(dB)
G(dB)

150 100 50 0 50 100 150

Figure 8. Patterns of dual-circularly polarized metasurface antenna. (a) When LHCP is dominant,
antenna patterns on E and H planes. (b) When RHCP is dominant, antenna patterns on E and
H planes.
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The simulated dual-circularly polarization metalens has a diameter of 420 um, a focal
length of 2100 pum, and the off-axis angle o of the focus is 4°. The phase of the metalens at
different positions is calculated to establish the metalens model. The light source is set to
RHCP light, LHCP light and 45°-polarized light in turn, and the focusing effect is shown in
Figure 9. The actual focal length of the metalens is 1604 um, and the focusing efficiencies
of RHCP and LHCP light are both 65%. The extinction ratio of the orthogonal circularly
polarized lights is 0.07 dB.

(a) (b)

2500 1
2000 0.8
1500 0.6
1000 0.4

.

500 0.2

0

-200 -100 0 100 200

X(pm) X(um)

() (d)

2500 1
2000 0.8
1500 / 0.6
1000 0.4
0.2
(f)

y(um)
z(pm)

-200 -100 0 100 200

y(um)

-100 0 100 200

y(um)

Figure 9. Normalized square distribution of electric field intensity when RHCP light, LHCP light and
45°-polarized light are incident in turn: (a,c,e) XOY plane; (b,d,f) XOZ plane.

4. Conclusions

In this paper, a dual-polarized MIA for LWIR cameras and SAR-integrated imaging
was designed to solve the problems of complex structure, large volume and unfavorable
integration. It is composed of a microwave metasurface antenna and an optical metalens,
and the metalens was embedded in the center of the metasurface antenna. The MIA utilized
the powerful electromagnetic wave control ability and its thin structure, which significantly
simplified the optical and microwave signal transmission paths and made the system
structure simpler and easier to integrate. The dual-linearly polarized and dual-circularly
polarized MIAs were designed and simulated. The results show that the dual-polarized
MIA is reasonable in design. This paper provides a new scheme for LWIR cameras and SAR-
integrated imaging systems with simple structure, diverse functions and easy integration,
which can promote the development of multi-sensor integration technology.

Author Contributions: Conceptualization, ].H. and Z.D.; methodology, ].H.; software, J.H. and L.X;
validation, J.H. and X.C.; formal analysis, ]J.H.; investigation, L.X.; resources, L.X.; data curation,
X.C.; writing—original draft preparation, ].H.; writing—review and editing, X.C.; visualization, ].H.;
supervision, Z.D.; project administration, Z.D. and L.X. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.



Micromachines 2025, 16, 202 11 of 11

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Yang, J.Y,; Hu, Q.; Li, WJ; Song, Q.; Cai, ZW.; Zhang, X.Y.; Wei, H.D.; Wu, W.B. An automated sample generation method by
integrating phenology domain optical-SAR features in rice cropping pattern mapping. Remote Sens. Environ. 2024, 314, 114387.
[CrossRef]

Zhao, C.Y,; Chen, L.Q.; Yin, Y.P; Liu, X.J.; Li, B.; Ren, C.F,; Liu, D.L. Failure Process and Three-Dimensional Motions of Mining-
Induced Jianshanying Landslide in China Observed by Optical, LIDAR and SAR Datasets. GIS Remote Sens. 2023, 60, 2268367 .
[CrossRef]

Zhang, Y.R.; He, B.B.; Chen, R.; Zhang, H.G.; Fan, C.Q.; Yin, J.P; Li, Y.X. The Potential of Optical and SAR Time-Series Data for the
Improvement of Aboveground Biomass Carbon Estimation in Southwestern China’s Evergreen Coniferous Forests. GIS Remote
Sens. 2024, 61, 2345438. [CrossRef]

Onojeghuo, A.O.; Onojeghuo, A.R.; Cotton, M.; Potter, J.; Jones, B. Wetland Mapping with Multi-Temporal Sentinel-1 & -2 Imagery
(2017-2020) and LiDAR Data in the Grassland Natural Region of Alberta. GIS Remote Sens. 2021, 58, 999-1021.

Fu, X.F; Sun, Q.Y,; Feng, H.; Tang, Y.; Tang, Y. 8X Enhanced Optical Imaging System. OME Inf. 2011, 28, 1-4. (In Chinese)

The Haishou-1 Radar Satellite (The World's First Ultra-Low Orbit Sar Satellite) Designed and Developed by Hainan, Has Achieved
Successful Imaging. Available online: https:/ /www.wchtc.net/xinwen /2024 /show-4434. html (accessed on 16 December 2024).
Brusgard, T.C.; Mccormick, T.C.; Sijgers, H.K.; Smith, C.T.; Winterble, W.C.; Schwerdt, C.B. Millimeter Wave and Infrared Sensor
in a Common Receiving Aperture. US005214438A, 25 May 1993.

Wu, W.D.; Zhang, B.; Hong, Y.F.; Zhang, Y.X. Design of co-aperture antenna for airborne infrared and synthetic aperture radar.
Chin. Optics 2020, 13, 595-604. (In Chinese)

Hu, ].J.; Dong, Z.H.; Yang, X.W.; Xia, L.R.; Chen, X.Q.; Lu, Y. Design of an integrated imaging system of airborne SAR and optical
camera based on common aperture antenna. Opt. Express 2024, 32, 22508-22524. [CrossRef] [PubMed]

Li, R.C,; Feng, L].; Xu, KJ.; Wang, N.; Fan, X.W. Optical design of an integrated imaging system of optical camera and synthetic
aperture radar. Opt. Express 2021, 29, 36796-36812. [CrossRef]

Zhang, N.; Chen, K.; Zhao, J.; Hu, Q.; Tang, K.; Zhao, ].M; Jiang, T.; Feng, Y.J. A Dual-Polarized Reconfigurable Reflectarray
Antenna Based on Dual-Channel Programmable Metasurface. IEEE Trans. Anten. Propag. 2022, 70, 7403-7412. [CrossRef]

Duan, K.; Chen, K.; Zheng, Y.; Jiang, T.; Zhao, J.; Feng, Y. Low-Scattering and Dual-Polarized Reconfigurable Reflectarray Antenna
Based on Absorptive and Active Coding Metasurfaces. IEEE Trans. Anten. Propag. 2024, 72, 2490-2501. [CrossRef]

Wu, L.X,; Hu, Q.; Luo, X.Y.; Zhao, ] M,; Jiang, T.; Chen, K.; Feng, Y.J. Wideband Dual-Feed Dual-Polarized Reflectarray Antenna
Using Anisotropic Metasurface. IEEE Anten. Wirel. Propag. Lett. 2022, 21, 129-133. [CrossRef]

Sun, T.; Hu, J.P; Zhu, XJ,; Xu, F; Wang, C.H. Broadband Single-Chip Full Stokes Polarization-Spectral Imaging Based on
All-Dielectric Spatial Multiplexing Metalens. Laser Photonics Rev. 2022, 16, 2100650. [CrossRef]

Shalaginov, M.Y.; An, S.; Zhang, Y. Reconfigurable all-dielectric metalens with diffraction-limited performance. Nat. Commun.
2021, 12, 1225. [CrossRef]

Li, P; Zhao, EJ.; Liu, D.C.; Ou, N.M,; Cao, C.B; Liu, X.Q.; Zhang, Y.Y.,; Deng, Y.K.; Wang, R. First Demonstration of Hybrid
Quad-Pol SAR Based on P-Band Airborne Experiment. IEEE Trans. Geosci. Remote Sens. 2021, 60, 5209016. [CrossRef]

Zhao, F; Lu, R.; Chen, X.; Jin, C.; Chen, S.; Shen, Z.; Zhang, C.; Yang, Y. Metalens-Assisted System for Underwater Imaging. Laser
Photonics Rev. 2021, 15, 2100097. [CrossRef]

Yu, N.; Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 2014, 13, 139-150. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.rse.2024.114387
https://doi.org/10.1080/15481603.2023.2268367
https://doi.org/10.1080/15481603.2024.2345438
https://www.wchtc.net/xinwen/2024/show-4434.html
https://doi.org/10.1364/OE.524818
https://www.ncbi.nlm.nih.gov/pubmed/39538734
https://doi.org/10.1364/OE.438979
https://doi.org/10.1109/TAP.2022.3165872
https://doi.org/10.1109/TAP.2024.3356060
https://doi.org/10.1109/LAWP.2021.3121018
https://doi.org/10.1002/lpor.202100650
https://doi.org/10.1038/s41467-021-21440-9
https://doi.org/10.1109/TGRS.2021.3084959
https://doi.org/10.1002/lpor.202100097
https://doi.org/10.1038/nmat3839

	Introduction 
	Materials and Methods 
	Dual-Polarized MIA Structure 
	Dual-Polarized MIA Design 
	Metasurface Principle 
	Design of Metasurface 


	Results and Discussion 
	Dual-Linearly Polarized MIA 
	Dual-Circularly Polarized MIA 

	Conclusions 
	References

